INTRODUCTION {#s1}
============

Mitochondria are essential, complex organelles of eukaryotic organisms required for a variety of metabolic processes including the generation of energy by oxidative phosphorylation ([@DDQ002C1]). Normal mitochondrial function requires 500--2000 different types of proteins depending on the species. However, mitochondrial genome of yeast and human cells encodes only 8 and 13 proteins, respectively ([@DDQ002C2],[@DDQ002C3]). Thus, the vast majority of proteins that comprise mitochondria are encoded by the nuclear genome and mitochondrial function requires the import and folding of a large number of proteins synthesized on cytosolic ribosomes ([@DDQ002C4],[@DDQ002C5]).

Owing to distinct compartmentalization into an outer and inner membrane, mitochondria have evolved an efficient system for recognition and transport of precursor proteins across membranes. Import of nuclear encoded proteins into the mitochondrial membranes is a multistep process involving machinery of cytosol, mitochondrial membranes and mitochondrial matrix ([@DDQ002C6]--[@DDQ002C10]). As a first step in the translocation process, the cytosolic facing receptors recognize the mitochondrial targeting sequence of a precursor protein and transfer them to the protein complex of the outer membrane, where Tom40 forms a pore and allows passage of the precursor protein through the membrane ([@DDQ002C6],[@DDQ002C8],[@DDQ002C10]). After passage through TOM complex, a major portion of precursor proteins are targeted into mitochondrial matrix; and this process is mediated by presequence translocase (TIM23 complex) of the inner membrane ([@DDQ002C7]--[@DDQ002C10]). The TIM23 complex consists mainly two set of components: (i) channel-forming components which include integral membrane proteins Tim23 and Tim17 that comprise the translocation channel ([@DDQ002C9],[@DDQ002C11],[@DDQ002C12]) and (ii) the associated peripheral membrane protein Tim50 ([@DDQ002C13]). The movement of the presequence through the inner membrane requires a membrane potential ([@DDQ002C14],[@DDQ002C15]), whereas import of the rest of the protein requires translocation channel associated 'import motor machinery' ([@DDQ002C7],[@DDQ002C9]).

The yeast import motor consists of five essential subunits namely, mtHsp70 (Ssc1), Tim44, Pam18, Pam16, Mge1 ([@DDQ002C8],[@DDQ002C16]--[@DDQ002C20]), and two non-essential subunits, Pam17 and Tam41 ([@DDQ002C21]--[@DDQ002C23]). A critical core component of this machinery is the major mitochondrial 70 kDa heat shock protein (mtHsp70; Ssc1 in yeast), which binds short hydrophobic segments of incoming polypeptide chains ([@DDQ002C24],[@DDQ002C25]). MtHsp70 is tethered to the import channel via its interaction with an essential peripheral membrane component of the channel, Tim44 ([@DDQ002C26]). This interaction is destabilized upon binding a translocating precursor polypeptide ([@DDQ002C24],[@DDQ002C27]).

Recently, two additional critical components of the import motor, a J-protein (Pam18) ([@DDQ002C28]--[@DDQ002C30]) and J-like protein (Pam16) ([@DDQ002C16],[@DDQ002C17],[@DDQ002C31]) have been identified. Pam18 and Pam16 proteins are highly conserved ([@DDQ002C16],[@DDQ002C17]). As expected of a J-protein, Pam18 stimulates Ssc1\'s ATPase activity and stabilizes the interaction with precursor proteins, thus carries out an essential function during the translocation process ([@DDQ002C28]--[@DDQ002C30]). Pam16 regulates Pam18\'s ATPase stimulating activity by forming a functional heterodimer through its C-terminal domain ([@DDQ002C31]--[@DDQ002C33]). A stable heterodimer is required for the protein translocation and viability of yeast cells ([@DDQ002C31],[@DDQ002C34],[@DDQ002C35]). Pam18:Pam16 heterodimer is tethered to the translocon via multiple interactions with other components of the translocation channel and regulates the import motor activity ([@DDQ002C36]). However, the precise mechanism of regulation of the import motor by Pam16 is not clearly understood.

The proteins homologous to yeast Pam16 have been reported in other organisms ([@DDQ002C37]). A homologous deletion mutant in *Drosophila* was found to be lethal at the first instar larval stage ([@DDQ002C38]). Magmas-like proteins are found essential for the development of murine and *Caenorhabditis elegans* ([@DDQ002C39],[@DDQ002C40]). In humans, mitochondria-associated granulocyte-macrophage colony-stimulating factor (GM-CSF) signaling molecule (referred as 'Magmas', ortholog of yeast Pam16) was first reported as a protein upregulated in PGMD1 cells cultured in a GM-CSF rich medium and not in cells exposed to Interleukin-3. Reduced Magmas expression in PGMD1 cells under GM-CSF resulted in decreased proliferative rates in a dose-responsive manner ([@DDQ002C41]). During the developmental stages of animals, expression of Magmas was upregulated in muscle, testis, intestinal mucosa and liver ([@DDQ002C40]). Magmas levels were also found to be upregulated in neoplastic prostate in humans, though its expression is restricted only to a subset of tumors ([@DDQ002C42]). On the basis of these observations, it has been proposed that Magmas functions as a 'signaling molecule' and perhaps controls anaerobic metabolism, resistance to apoptosis or altered growth sensitivity in mammalian system ([@DDQ002C41]--[@DDQ002C43]).

Although Magmas levels are upregulated in different developmental stages and various pathophysiological conditions including prostate cancer, little functional information about human Magmas is available. On the basis of a weak sequence and predicted structural fold similarity with yPam16\'s J-like domain, we sought to determine the function of Magmas in humans. We found that Magmas is an ortholog of yeast Pam16 and has similar functions; and it complements the growth of yeast cells deleted for Pam16. Moreover, Magmas interacts with yeast Pam18 as well as human DnaJC19 (ortholog of yeast Pam18) both in *vivo* and *in vitro* conditions to form a heterodimeric subcomplex. The residues critical for the association of Magmas with yPam18, DnaJC19 and translocation channel were identified. Our results are consistent with the existence of stable interaction between Magmas and DnaJC19 that plays a crucial role in tethering of DnaJC19 at the translocon and perhaps regulating human import motor activity. We have identified the minimal region of DnaJC19 essential for its association with Magmas. Thus, our study underlines the possible molecular mechanism for the physiological symptoms of dilated cardiomyopathy with ataxia (DCM) syndrome which is associated with a truncated DnaJC19 protein.

RESULTS {#s2}
=======

Magmas complements growth of Δ*pam16* yeast strain {#s2a}
--------------------------------------------------

The J-like protein Pam16 functions in protein translocation in *Saccharomyces cerevisiae* and has been conserved throughout eukaryotic evolution ([@DDQ002C16],[@DDQ002C17]). The sequence analyses of *PAM16* revealed its presence as single or multiple copies of genes in all eukaryotes, supporting the idea that the mechanism of protein translocation across mitochondrial inner membrane has been maintained throughout eukaryotic evolution. A multiple protein sequence alignment of predicted Pam16 homologs of different species showed a sequence homology at the C-terminal region across genera (Fig. [1](#DDQ002F1){ref-type="fig"}A). In *Mus musculus* and primates such as *Macaca mulatta* and *Homo sapiens*, the Pam16 homologs (also referred as Magmas) showed a high degree of sequence conservation between them. However, the sequence conservation between mammalian Magmas and *S. cerevisiae* Pam16 was only restricted to the predicted helix III of C-terminal region (Fig. [1](#DDQ002F1){ref-type="fig"}A). At the level of protein sequence, Magmas shares ∼41% identity with *S. cerevisiae* Pam16. Magmas-like proteins are essential in multicellular organisms in various developmental stages ([@DDQ002C40]), but the critical function has not been elucidated. To determine the function in mammalian system, we chose the human protein Magmas which shares weak sequence similarity with yeast Pam16. The primary structure of human Magmas contains 125 amino acid residues and possesses a three-dimensional structural fold similar to J-like domain of yeast Pam16 as reported earlier ([@DDQ002C32]) (Fig. [1](#DDQ002F1){ref-type="fig"}B). The J-like domain of Magmas consists of three helices and an exposed loop between tightly packed helix II and helix III with conserved aspartic acid, lysine, serine (DKS) motif (Fig. [1](#DDQ002F1){ref-type="fig"}B).

![Sequence similarity and growth complementation analysis. (**A**) Magmas Sequence alignment. Predicted orthologous Magmas sequences from different species; *S. cerevisiae* (Sc), *N. crassa* (Nc), *C. elegans* (Ce), *D. melanogaster* (Dm), *M. musculus* (Mm), *M. mulata* (Mmu) and *H. sapiens* (Hs) are aligned using ClustalW program. Identical residues are shaded gray and the sequence corresponding to the histidine, proline, aspartic acid (HPD) motif of J-proteins is boxed. (**B**) Structure of Magmas J-like domain. Magmas J-like domain (47--125 aa) was modeled using yeast Pam16 structure co-ordinates (2GUZ). The N- and C-terminal of the domain is highlighted by N and C, respectively. The helices I, II and III are indicated by HI, HII and HIII, respectively. The amino acid alternations analyzed in this report are highlighted either in stick or ball and stick models. (**C** and **D**) *In vivo* growth phenotype analysis. Diploid D*pam16* cells were transformed with *pRS415-MAGMAS* construct and subjected to sporulation followed by tetrad dissection analysis. The spores from a single ascus were replica plated on His and Leu drop-out media for selection. Spores carrying the plasmid expressing *WTMAGMAS* allele (+) or *WTPAM16* allele (−) are indicated. To further asses the growth complementation, a serially diluted *PAM16ΔHIS/pRS315-WTPAM16* (*WT 16*) and *PAM16ΔHIS/pRS415-WTMAGMAS* (*WT MAG*) cells were spotted on yeast extract peptone dextrose (YPD) (Glu) and YP glycerol (Gly) media followed by incubation at the indicated temperatures for 3 days.](ddq00201){#DDQ002F1}

Deletion of *PAM16* is lethal to yeast cells, indicating that Pam16 has a crucial role in maintaining cell viability ([@DDQ002C17],[@DDQ002C31]). Therefore, to test whether *MAGMAS* is a true ortholog of *PAM16*, we have utilized two genetic approaches for the growth complementation analysis in yeast. First, heterozygous *pam16* diploid of *PJ53* yeast cells carrying a single chromosomal disrupted copy of *PAM16*(ΔHIS) was transformed with *MAGMAS* in *pRS415* plasmid ([@DDQ002C44]) and the cells were subjected to sporulation. Tetrads were dissected and replica plated for the selection of *MAGMAS* positive (HIS^+^ LEU^+^) spores. The viability of more than two spores indicates that *MAGMAS* rescues the growth of Δ*pam16* strain (Fig. [1](#DDQ002F1){ref-type="fig"}C). Secondly, to further confirm the results, we have used plasmid shuffling to rescue the inviability of the Δ*pam16* strain. A plasmid (*pRS415*) carrying *MAGMAS* was transformed into a haploid Δ*pam16* strain carrying a wild-type copy of *PAM16* on a centromeric plasmid having the *URA3* gene. The resulting strains were plated on media containing 5-fluoroorotic acid (5-FOA), which selects for cells having lost the *URA3*-containing plasmid carrying the *PAM16* gene. The viable cells were recovered, grown in rich media and subjected to drop test analysis using fermentable and non-fermentable growth media. Magmas showed complete growth complementation of Pam16 deleted yeast cells at all temperatures tested (Fig. [1](#DDQ002F1){ref-type="fig"}D), suggesting that it is a true mammalian ortholog of yeast Pam16 carrying out identical function in humans.

Magmas localizes to the mitochondria {#s2b}
------------------------------------

In yeast, Pam16 localizes to the mitochondria and is found associated with inner mitochondrial membrane ([@DDQ002C16],[@DDQ002C17]). To characterize the biological functions of Magmas in human cells, we first set out to establish whether it displayed a similar subcellular localization. To address, we have used *in vivo* fluorescence imaging and *in vitro* subcellular fractionation analysis of mitochondria isolated from human cell lines and yeast cells. To determine whether Magmas localizes to the mitochondria in human cells, *MAGMAS* was cloned in the mammalian expression vector, pEGFP-N3 at the N-terminus and was expressed in HeLa cells. The cells were counter-stained with mitochondrion-specific dye, MitoTracker Red to stain the organelle. Upon confocal imaging analysis of GFP-Magmas fluorescence in HeLa cells, we observed total colocalization with MitoTracker (Fig. [2](#DDQ002F2){ref-type="fig"}A), indicating Magmas distribution in the mitochondria. Similar results were obtained in HEK293T cells (data not shown). Our results are consistent with the previous observation in prostate tissue sections using immunogold electron microscopy ([@DDQ002C41]).

![Magmas localization analysis. (**A**) Magmas localizes to the human mitochondria. Confocal fluorescence images of HeLa cells showing GFP-Magmas fusion protein (green fluorescence) and mitochondria (red) labeled with MitoTracker. (**B** and **C**) Subcellular fractionation of Magmas. Purified mitochondria from indicated yeast strains (B) and HEK293T cells (C) were resolved by SDS--PAGE followed by western blotting. The mitochondrial fractions were immunodecorated with respective yeast and human-specific antibodies as indicated. The purity and enrichment of mitochondria obtained from HEK293T cells were analyzed by probing with other organellar-specific antibodies as negative controls. For a comparison, equimolar concentration of total cell lysate and mitochondrial lysate was loaded. (**D** and **E**) Mitochondrial membrane association analysis of Magmas. Mitochondria from yeast cells (D) and HEK293T cell lines (E) were sonicated in the presence or absence of high salt (left panel) and carbonate extracted at pH 11.5 (right panel) was subjected to fractionation by ultra centrifugation. The equivalent samples of supernatant (S) and pellet (P) fractions, and unfractionated extract (T) were analyzed by SDS--PAGE and immunoblotted with yeast- and human-specific antibodies as indicated.](ddq00202){#DDQ002F2}

We next utilized subcellular fractionation to confirm our GFP fluorescence findings. Analysis of purified mitochondria from HEK293T and yeast cells, followed by immunodecoration with Magmas-specific antibody revealed the presence of a 13.7 kDa band of Magmas within the mitochondrial fraction (Fig. [2](#DDQ002F2){ref-type="fig"}B and C). As positive controls, components of the inner membrane translocon such as Tim23, Tim44, Pam18 and Tim17 proteins were probed with specific antibodies against human and yeast, respectively. To ascertain the purity of the mitochondrial preparations obtained from HEK293T cells, immunoblotting was performed with antibodies against other organelle-specific markers such as, cathepsin D as a lysosomal marker, peroxisomal marker protein catalase and superoxide dismutase as a cytosolic/nuclear marker. When compared with control, negligible amounts of these proteins were detected in mitochondrial fraction. Together, these results support our GFP fluorescence analysis and indicate that Magmas localizes to the mitochondrial compartment of human and yeast cells, respectively.

Yeast Pam16 is found associated with the inner mitochondrial membrane compartment. To determine the association of Magmas with the inner mitochondrial membrane of human and yeast, we subjected the mitochondria for hypotonic swelling to generate the mitoplasts. The mitoplasts were gently sonicated in a buffer containing low or high salt followed by separation of soluble and membrane pellet fractions by ultracentrifugation. The samples were resolved on SDS--PAGE and immunodecorated with specific antibodies against respective yeast and human proteins. As expected, the Magmas was found associated with membrane pellet fraction like Tim44, Tim23, Tim17, yPam18 and DnaJC19, whereas soluble matrix protein Mge1 (in yeast) and hTid1 (in human) were released into the supernatant in both high and low salt conditions (Fig. [2](#DDQ002F2){ref-type="fig"}D and E). These results are consistent with yeast Pam16\'s association with the inner membrane of the mitochondria. Upon treatment of human and yeast mitochondria at alkaline pH of 11.5, a considerable amount of Magmas was extracted from yeast, whereas in the case of human mitochondria, a significant amount of Magmas was extracted in the supernatant. However, multi-spanning integral membrane proteins such as Tim23 and Tim17 remained in the membrane fraction (Fig. [2](#DDQ002F2){ref-type="fig"}D and E). As an internal control, similar results were obtained for yeast Pam16 (Fig. [2](#DDQ002F2){ref-type="fig"}D). In summary, we conclude that like yeast Pam16, human Magmas is a peripheral mitochondrial inner-membrane protein that is exposed to the matrix space and lacks multi-spanning transmembrane segments in the primary structure.

Amino acid substitutions in the J-like domain of Magmas affects *in vivo* function {#s2c}
----------------------------------------------------------------------------------

On the basis of preliminary genetic analysis and structural investigations, it was evident that Pam16 and yPam18 interact via their helix III to form a stable functional heterodimer ([@DDQ002C31],[@DDQ002C32],[@DDQ002C36]). Previously, a temperature sensitive (Ts) mutation in Pam16\'s J-domain L97W, which lies at the beginning of the helix III region, was isolated. The *pam16*~*L97W*~ mutant showed robust *in vivo* phenotypes including Ts at 34°C and decreased ability to form a stable heterodimer as tested by using mitochondria and in purified system ([@DDQ002C36]). Besides, the helix III of Pam16 homologs are significantly conserved across species including human Magmas (Fig. [1](#DDQ002F1){ref-type="fig"}A). On the basis of this evidence, we predicted that the interaction region between Magmas and DnaJC19 or yPam18 is also conserved. As the domain structures of Magmas and Pam16 are well conserved, we created identical mutations in Magmas sequence replacing leucine 94 with either tryptophan or glycine (Fig. [1](#DDQ002F1){ref-type="fig"}B). The yeast strains expressing *magmas* mutants were generated via plasmid shuffling. We observed the yeast cells carrying *magmas*~*L94W*~ and *magmas*~*L94G*~ mutations (Fig. [1](#DDQ002F1){ref-type="fig"}B) were inviable and unable to grow in plates containing 5-FOA (Fig. [3](#DDQ002F3){ref-type="fig"}C). By a less drastic amino acid substitution at 94 position into alanine, *magmas*~*L94A*~ *cells* (Fig. [1](#DDQ002F1){ref-type="fig"}B) had no obvious growth phenotypes (Fig. [3](#DDQ002F3){ref-type="fig"}D), whereas by a glutamine substitution, *magmas*~*L94Q*~ (Fig. [1](#DDQ002F1){ref-type="fig"}B) cells grew normal as wild-type upto 23°C, grew poorly at 30°C and were inviable at 34°C in rich and minimal media (Fig. [3](#DDQ002F3){ref-type="fig"}A and B). Results clearly indicate that the leucine 94 of Magmas is critical for *in vivo* function. Similarly, we have created additional Magmas Ts mutants by replacing conserved residues at the base of the helix III region. We replaced two aromatic amino acids namely, phenylalanine (F92) and tyrosine (Y93) into glycine residues (Fig. [1](#DDQ002F1){ref-type="fig"}B). The single mutant, *magmas*~*F92G*~ cells allowed robust growth of Δ*pam16* cells at all temperatures tested in rich media (Fig. [3](#DDQ002F3){ref-type="fig"}A). Although *magmas*~*F92G*~ cells formed colonies at 37°C in minimal media, growth was slower when compared with that of wild-type (Fig. [3](#DDQ002F3){ref-type="fig"}B). In the other single substitution mutant, *magmas*~*Y93G*~ cells grew normally upto 34°C and slower at 37°C when plated in rich media, while cells were Ts at 37°C in minimal media (Fig. [3](#DDQ002F3){ref-type="fig"}A and B). When we combined both mutations together, as double mutant *magmas*~*F92Y93G*,~ a drastic growth phenotype was observed, where the cells were inviable at all temperatures \>23°C in both rich and minimal media (Fig. [3](#DDQ002F3){ref-type="fig"}A and B). To address the importance of DKS sequence in the loop connecting helix II and helix III (Fig. [1](#DDQ002F1){ref-type="fig"}B), we have created a triple mutant by replacing it with the canonical J-protein conserved histidine, proline, aspartic acid (HPD) sequence. The *magmas*~*DKS/HPD*~ robustly supported the growth of Δ*pam16* cells at all temperatures, suggesting that these DKS amino acids are dispensable for *in vivo* function (Fig. [3](#DDQ002F3){ref-type="fig"}D).

![Analysis of mutations affecting Magmas functions. (**A**--**D**) *In vivo* growth phenotypes. Ten-fold serial dilutions of wild-type and mutant cells were spotted onto YPD (A and D) and leucine drop-out media (B) or 5-FOA (C), followed by incubation at the indicated temperatures for 3 days. (**E**) Expression analysis of TIM23 translocon members in mutants. Equivalent amount mitochondria from wild-type and mutants were separated on SDS--PAGE and subjected to immunoblotting using indicated yeast TIM23 translocon components. (**F**) Membrane association analysis of Magmas mutants. Sonicated mitochondria from Magmas mutant yeast cells were subjected to ultracentrifugation. The equivalent samples of supernatant (S) and pellet (P), and unfractionated extract (T) were analyzed by SDS--PAGE and immunoblotted with yeast- and human-specific antibodies as indicated.](ddq00203){#DDQ002F3}

To aid the identification of residues outside the helix III region of Magmas J-like domain that are important for function, we mutated a highly conserved isoleucine at position 62 into either tryptophan or alanine or glutamine residue (Fig. [1](#DDQ002F1){ref-type="fig"}B). The *magmas*~*I62W*~ and *magmas*~*I62A*~ cells showed normal growth upto 30°C, however no colonies were formed at temperatures \>34°C (Fig. [3](#DDQ002F3){ref-type="fig"}A and B). Interestingly, the isoleucine to glutamine substituted mutant yeast cells showed severe growth phenotypes as they grew very slowly at 23°C (Fig. [3](#DDQ002F3){ref-type="fig"}D). Together, these results highlight the importance of I62 and the contribution of amino acid residues outside helix III for Magmas *in vivo* function.

To ascertain that the growth phenotypes of mutants are not due to the changes in expression levels, we have analyzed the mitochondria isolated from mutant strains grown at permissive temperatures. Equivalent amounts of mitochondria from the wild-type Magmas and mutants were separated on SDS--PAGE and subjected to immunodecoration with specific antibodies against Magmas and other components of the inner membrane translocon. We observed that the mutation did not alter the steady state levels of Magmas by itself, neither other members of the translocon that we tested (Fig. [3](#DDQ002F3){ref-type="fig"}E). Results are in agreement with earlier reported Pam16\'s conditional mutants ([@DDQ002C36]). To further assess their ability to interact with the inner mitochondrial membrane, we have subjected the mutant mitochondria, *magmas*~*L94Q*~, *magmas*~F92G,~ *magmas*~F92Y93G~ and *magmas*~*DKS/HPD*~ for fractionation analysis. The membrane pellet and supernatant soluble fraction were separated by ultracentrifugation, followed by SDS--PAGE and immunodecoration with translocon-specific antibodies. Magmas mutants were separated into pellet fraction similar to wild-type and internal control, wt Pam16 (Fig. [3](#DDQ002F3){ref-type="fig"}F). In summary, we conclude that the residues spanning the base of helix III region (F92, Y93, L94) and I62 are critical for Magmas *in vivo* function.

Magmas protein is essential for the import of precursor proteins into mitochondria {#s2d}
----------------------------------------------------------------------------------

Pam16 is essential for protein translocation across mitochondrial inner membrane ([@DDQ002C31],[@DDQ002C45]). To demonstrate whether Magmas has a role in mitochondrial protein import *in vivo*, accumulation of the non-processed precursor form of a nuclear encoded abundant mitochondrial protein, Hsp60, was monitored. This assay has been used in earlier studies to demonstrate the *in vivo* import process ([@DDQ002C30]). After growing for 8 h at 37°C, wild-type Magmas yeast cells showed undetectable amounts of non-processed Hsp60 precursor similar to that of internal control, wt Pam16 (Fig. [4](#DDQ002F4){ref-type="fig"}A, first two lanes). Above result confirms that Magmas completely restores Pam16\'s functions in yeast and efficiently interacts with the import machinery for the import of precursor proteins into the mitochondria. To further assess the role of Magmas in protein import, we have employed the Ts mutants for the precursor accumulation analysis. When the mutant cells, grown first at 23°C, were shifted to 37°C for 8 h to induce phenotype, they accumulated significant amounts of non-processed Hsp60 precursor form (Fig. [4](#DDQ002F4){ref-type="fig"}A, lanes 6, 8, 20, 22, 24); indicative of *in vivo* import defects associated with the Ts mutants. However, *magmas*~*DKS/HPD*~ and *magmas*~*L94A*~ yeast cells did not show the accumulation of detectable levels of Hsp60 precursor form supporting their wild-type growth phenotypes (Fig. [4](#DDQ002F4){ref-type="fig"}A, lanes 14, 16). The *magmas*~*F92G*,~ and *magmas*~*Y93G*~ yeast cells showed an intermediate levels of precursor accumulation, consistent with the growth phenotypes (Fig. [4](#DDQ002F4){ref-type="fig"}A, lanes 10, 12).

![Analysis of protein translocation in Magmas mutants. (**A**) *In vivo* precursor accumulation: wild-type and Magmas mutant yeast strains were grown at permissive temperatures in rich media to early log phase. The culture was shifted to 37°C for 8 h. After inducing phenotype, the whole cell lysates were resolved by SDS--PAGE followed by immunoblotting using Hsp60-specific antibodies; (p), precursor form of Hsp60; (m), mature form of Hsp60. (**B**) *In vitro mitochondrial* import of Cytb~2~(47)-DHFR; 100 mg of WT and mutant Magmas (*MAG*~*L94Q*~, *MAG*~*F92G*~ and *MAG*~*F92GY93G*~) mitochondria were preincubated in import buffer and reactions were initiated by adding saturated amounts of purified Cytb~2~(47)-DHFR. Import reaction mixtures were separated on SDS--PAGE and analyzed by immunoblotting using anti-DHFR antibodies. One hundred percentage of the precursor protein offered to the mitochondria was loaded as a control (c). The amount of imported protein (m-Cytb~2~(47)-DHFR) was quantified using densitometry and plotted against the function of time of import reaction. The amount of m-Cytb~2~(47)-DHFR in WT mitochondria after the longest import time was set to 100%.](ddq00204){#DDQ002F4}

For a detailed kinetic analysis of protein translocation into mitochondria, we have chosen three Ts *magmas* mutants, namely *L94Q*, *F92G* and *F92Y93G*, to conduct *in vitro* import experiments using recombinant chemically purified precursor proteins with isolated mitochondria. Mitochondria were isolated from mutant yeast cells grown at permissive temperatures and pre-incubated for 15 min at 37°C to induce the mutant phenotype, and subjected for import reaction using saturating amounts of Cytb~2~(47)-DHFR precursor protein. When compared with wild-type, *magmas*~*L94Q*~ and *magmas*~*F92Y93G*~ mitochondria showed substantial reduction in the kinetics of import of Cytb~2~(47)-DHFR precursor protein, whereas *magmas*~*F92G*~ showed an intermediate import defect (Fig. [4](#DDQ002F4){ref-type="fig"}B). In summary, the import defects associated with the Magmas conditional mutants are consistent with the growth phenotypes.

Magmas interacts with yPam18 and DnaJC19 to form a stable subcomplex {#s2e}
--------------------------------------------------------------------

In yeast, previously it has been shown that Pam16 forms a stable heterodimeric subcomplex with yPam18 in the mitochondrial lysates ([@DDQ002C31],[@DDQ002C36]). The stability of the subcomplex is critical for the translocation process in yeast ([@DDQ002C36]). Therefore, we asked whether Magmas forms a similar subcomplex with yPam18 in yeast mitochondrial lysates. To address, we have purified mitochondria expressing wt Magmas or mutants in Δ*pam16* yeast strains. Mitochondrial extracts were prepared using 1% Triton X-100 to dissociate channel components, and then subjected for coimmunoprecipitation (CoIP) analysis using cross-linked yPam18 antibody agarose beads. As expected, Magmas co-precipitated with yPam18 from extracts of wild-type mitochondria, indicating that Magmas can form a similar stable subcomplex (Fig. [5](#DDQ002F5){ref-type="fig"}A, lane 1). Significantly reduced co-precipitation was observed from *magmas*~*F92Y93G*~, magmas~F92G~ and *magmas*~*L94Q*~ extracts, highlighting the importance of these residues for the subcomplex formation *in vivo* (Fig. [5](#DDQ002F5){ref-type="fig"}A, lanes 2, 3, 5). A wild-type level of co-precipitation was observed from *magmas*~*DKS/HPD*~ extracts, suggesting that the DKS motif is dispensable for the subcomplex formation with yPam18 *in vivo* (Fig. [5](#DDQ002F5){ref-type="fig"}B, lane 4). These results are consistent with their apparent lack of growth and translocation phenotypes. To demonstrate whether Magmas forms a similar subcomplex in human mitochondria, the mitochondrial lysates were prepared from HEK293T cells and subjected to CoIP analysis using specific antibodies against Magmas and DnaJC19. Regardless of the type of antibodies used, equivalent amounts of co-precipitation of Magmas with DnaJC19 (yPam18 ortholog) supports the existence of a similar subcomplex in humans (Fig. [5](#DDQ002F5){ref-type="fig"}B and C).

![Analysis of mutations affecting stability of the Magmas:Pam18/DnaJC19 subcomplex. (**A**) Co-immunoprecipitation of Magmas:yPam18 subcomplex from yeast mitochondria. Wild-type and mutant Magmas yeast mitochondrial lysate were prepared using 1% Triton X-100. The lysate was subjected to immunoprecipitation using Pam18-specific antibodies, as indicated by bracket, followed by SDS--PAGE and immunoblotting using Pam18- and Magmas-specific antibodies. Twenty-five percentage of soluble material after lysis was used as loading control (25% input). (**B** and **C**) Analysis of Magmas:DnaJC19 subcomplex formation in human mitochondria. Human mitochondrial lysate was prepared with 1% Triton X-100 then subjected to immunoprecipitation using Magmas-antibodies (B) or DnaJC19-antibodies (C), followed by SDS--PAGE and immunoblotting using DnaJC19- and Magmas-specific antibodies. Fifty percentage of total soluble material after lysis was used as a loading control (50% input).](ddq00205){#DDQ002F5}

To further confirm our *in vivo* findings, we assessed whether Magmas is capable of forming a subcomplex with yPam18 *in vitro* by glutathione S-transferase (GST) pull-down analysis using purified proteins. Consistent with results obtained in mitochondrial lysates, we found that upon mixing equimolar amounts of full-length Magmas and yPam18, \>90% of yPam18 was pulled down using full-length GST-Magmas. In order to investigate the molecular basis of DCM syndrome, we employed *in vitro* pull-down assay and generated N-terminal truncations of DnaJC19 to determine the region essential for its interaction with Magmas. Similar truncations were also generated for yPam18 based on previous reports that Pam16 interacts with yPam18 through their C-terminal-related J-domains. Therefore, to determine the minimal region of Magmas required for the interaction with yPam18 and DnaJC19, we mixed J + T and J-domain fragments (Fig. [6](#DDQ002F6){ref-type="fig"}A) of yPam18 and DnaJC19 together with Magmas and performed GST pull-down analysis. As with full-length protein, a similar pull down was observed for these smaller fragments containing the J + T and J-domains (Figs [6](#DDQ002F6){ref-type="fig"}B and [7](#DDQ002F7){ref-type="fig"}A). To determine the relative affinities of these fragments, we have incubated GST-bound Magmas (full-length, J + T and J-like domain) with increasing concentrations of full-length, J + T and J-domains of either yPam18 or DnaJC19 followed by pull-down analysis. By quantitative analysis, we observed that the fragments of Magmas interacted with yPam18 and DnaJC19 fragments with nearly similar affinities when compared with full-length proteins (Figs [6](#DDQ002F6){ref-type="fig"}C, D and [7](#DDQ002F7){ref-type="fig"}B, C). These findings clearly indicate that the subcomplex formation is mediated through their related J-domains.

![*In vitro* interaction analysis of Magmas with yPam18. (**A**) Domain organization of Magmas, Pam18 and DnaJC19. On the basis of sequence alignment, the amino acids corresponding to the predicted regions are indicated; intermembrane space (IM), membrane association (M), predicted mitochondria targeting (T) and J-domains/J-like domains (J). (**B**--**D**) Magmas interacts with the J-domain of yPam18. Immobilized GST-Magmas, GST-Magmas~J+T~ and GST-Magmas~J~ were incubated with equimolar concentration (B) or increasing concentrations (C) of his~6~-tagged full-length Pam18, Pam18~J+T~ and Pam18~J~, respectively. The bound proteins were washed and analyzed by SDS--PAGE followed by Coomassie dye staining, and quantified by densitometry (D). GST alone was used as a negative control, and 100% input of Pam18, Pam18~J+T~, PAM18~J~ used as a loading control. (**E**--**G**) Magmas mutants are defective in forming subcomplex with yPam18. Equimolar concentration (E) or increasing concentrations (F) of yPam18 was incubated with GST-Magmas, GST-Magmas~L94Q~, GST-Magmas~F92G~ and GST-Magmas~F92Y93G~ beads for 30 min for complex formation. The beads were washed and separated on SDS--PAGE gel, followed by Coomassie dye staining and quantified by densitometric analysis (G).](ddq00206){#DDQ002F6}

![*In vitro* interaction analysis of Magmas with DnaJC19. (**A**--**C**) Magmas interact with the J-domain of DnaJC19 protein. The interaction analysis between GST-Magmas and DnaJC19 was carried out essentially as described in Figure [6](#DDQ002F6){ref-type="fig"}B--D. (**D** and **E**) Magmas mutants are defective in forming subcomplex with DnaJC19. GST-Magmas, GST-Magmas~L94Q~, GST-Magmas~F92G~ and GST-Magmas~F92Y93G~ were incubated with increasing concentrations of DnaJC19 for 30 min to form the subcomplex. The samples were analyzed as mentioned in Figure [6](#DDQ002F6){ref-type="fig"}F and G.](ddq00207){#DDQ002F7}

We next evaluated whether the amino acid alterations in Magmas J-like domain affects its binding to yPam18. To address, we have utilized Ts mutants of Magmas which were found defective in forming a stable subcomplex with yPam18 in mitochondrial lysates. Similar amino acid substitutions were carried out in Magmas~J+T~ and subjected to GST pull-down analysis using yPam18~J+T~ protein. When compared with wild-type, in *magmas*~*L94Q*~ and *magmas*~*F92Y93G*~ undetectable levels of yPam18 binding, whereas in the case of *magmas*~*F92G*~, significant reduced interaction was observed (Fig. [6](#DDQ002F6){ref-type="fig"}E). These results are in agreement with our earlier findings of mitochondrial lysates, where Ts mutants fail to form a stable subcomplex. To determine the relative affinities for the binding, we have incubated GST bound Magmas mutants with increasing concentrations of yPam18~J+T~ and subjected to GST pull-down analysis. A 2-fold reduction in the binding affinity was observed for *magmas*~*F92G*~, whereas a significant reduction in the affinities for Pam18 binding was observed in *magmas*~*L94Q*~ and *magmas*~*F92Y93G*~ mutants (Fig. [6](#DDQ002F6){ref-type="fig"}F and G). To test whether Ts mutants have a similar interaction defects with human Pam18 ortholog DnaJC19, we have conducted a similar GST pull-down analysis *in vitro*. As expected, a similar reduction in the relative affinities for DnaJC19 binding was observed for the mutants (Fig. [7](#DDQ002F7){ref-type="fig"}D and E). Together, these results suggest that Magmas interacts with yPam18 and DnaJC19 through its J-like domain and forms a stable subcomplex *in vivo* and *in vitro* condition. The stability of the subcomplex is critical for the protein translocation and cell viability.

Magmas is a part of presequence translocase of the inner mitochondrial membrane {#s2f}
-------------------------------------------------------------------------------

The translocon of the inner mitochondrial membrane is composed of two components---the TIM23 core channel and the import motor ([@DDQ002C8]). Previously, it has been shown that yeast Pam16 is a part of import motor and precisely tethers yPam18 to the translocon so that it efficiently stimulates ATPase activity of mtHsp70 ([@DDQ002C36],[@DDQ002C45]). To demonstrate whether Magmas forms a part of the translocon machinery and is involved in the interaction with yPam18 of TIM23 complex, mitochondria were isolated from yeast strains expressing wild-type Magmas and Ts mutants. Purified mitochondria were lysed with digitonin and the supernatant was subjected to CoIP analysis using cross-linked Tim23 antibody agarose beads. As expected from earlier studies, both yPam18 and Pam16/Magmas were equally co-precipitated from wt Magmas and internal control wt Pam16 extracts along with other components of the translocon including Tim17, Tim50 and Tim44 (Fig. [8](#DDQ002F8){ref-type="fig"}A, lanes 1 and 2). However, the levels of yPam18 co-precipitated from *magmas*~*L94Q*~ and *magmas*~*F92Y93G*~ lysates were significantly reduced (Fig. [8](#DDQ002F8){ref-type="fig"}A, lanes 3 and 4). A 2-fold reduction was observed in the case of *magmas*~*F92G*~ mitochondrial lysate, whereas *magmas*~*DKS/HPD*~ showed wild-type levels of yPam18 association with the translocon (Fig. [8](#DDQ002F8){ref-type="fig"}A, lanes 5 and 6). Interestingly, in all the mutants, the levels of Magmas association were roughly similar to that of wild-type mitochondria (Fig. [8](#DDQ002F8){ref-type="fig"}A). These results are in agreement with earlier reported observations made for *pam16*~*L97W*~ ([@DDQ002C36]). Together, we conclude that a mutational defect in Magmas C-terminal region impairs the association of yPam18 with the translocon.

![Magmas association with TIM23 translocase. (**A**) Magmas interaction with yeast Tim23-core complex. Equivalent amounts of mitochondria from yeast cells expressing wt Magmas or mutants were solubilized by incubating in buffer containing 1% digitonin. The soluble supernatant was subjected to co-immunoprecipitation using Tim23 specific antibodies. Samples were resolved on SDS--PAGE and immunodecorated with antibodies specific to Magmas-, yPam16-, yPam18-, yTim17-, yTim23-, yTim44- and yTim50. **(B)** Magmas association with human Tim23-core complex. Mitochondria obtained from HEK293T cells were lysed in 1% digitonin, and the supernatant was subjected to immunoprecipitation using anti-Tim17 antibodies. Samples were analyzed on SDS--PAGE, followed by immunoblotting with antibodies against Magmas-, DnaJC19-, hTim17-, hTim23- and hTim44. Twenty-five percentage of the total soluble supernatant after lysis was used as loading control (25% input).](ddq00208){#DDQ002F8}

To demonstrate existence of a similar system in human mitochondria, immunoprecipitation of the translocon was carried out with digitonin-lysed mitochondria isolated from HEK293T cells using α-Tim17-conjugated beads. Pull down of Magmas along with other translocon components such as hTim44, hTim23, DnaJC19 provides direct evidence for the association of Magmas with the human translocon (Fig. [8](#DDQ002F8){ref-type="fig"}B). Therefore, we propose that the subunits\' organization of inner mitochondrial translocon is well conserved during evolution.

Magmas inhibits ATPase stimulatory activity of Pam18 and DnaJC19 {#s2g}
----------------------------------------------------------------

Pam18 is a J-protein and critical component of the import motor tethered at the translocon to stimulate Ssc1\'s ATPase activity ([@DDQ002C30]). Pam16, a J-like protein negatively regulates the import motor activity (Ssc1\'s ATPase activity) by forming heterodimeric complex with yPam18 through their related J-domains ([@DDQ002C34]). However, the physiological significance of such negative regulation is not clearly understood. To test whether Magmas regulates yPam18\'s ATPase stimulatory activity, we have incubated preformed radioactive Ssc1--ATP complex with different molar ratio of purified proteins; yPam18 alone, Magmas alone and yPam18:Magmas complex. As an internal control, Pam16 alone and Pam16:yPam18 complex were used to monitor the stimulation of Ssc1\'s ATPase activity under single turnover conditions. As expected, Pam16:yPam18 heterodimer was 40--50% as active as yPam18 alone in stimulating Ssc1\'s ATPase activity over different ratios of heterodimer concentrations (Fig. [9](#DDQ002F9){ref-type="fig"}A). Fifty to 60% ATPase stimulating activity was retained by Magmas:yPam18 complex when compared with yPam18 alone over a range of complex concentration (Fig. [9](#DDQ002F9){ref-type="fig"}A), consistent with the previous observations ([@DDQ002C33]). A comparable amount of inhibition by Pam16 and Magmas indicates that both function in similar mechanism in regulating the import motor activity.

![Inhibition of mtHsp70\'s ATPase activity. (**A**) Effect of yPam18:Magmas subcomplex: Ssc1:ATP(a-^32^P) complex was incubated with 2-fold excess of either yPam18 (yP18) alone, Magmas alone or yPam18:Magmas subcomplex and the rate of hydrolysis was measured as a function of time at 23°C. The experiment was repeated using yPam16 (P16) as a positive control. (**B**) Effect of DnaJC19:Magmas subcomplex: 2-fold excess of DnaJC19 (JC19) alone, Magmas alone or DnaJC19:Magmas subcomplex was incubated with the human Mortalin:ATP(a-^32^P) complex and the rate of ATP hydrolysis was monitored at identical conditions as mentioned earlier. The basal rate of ATP hydrolysis by Mortalin alone was set to 1. The rate of conversion to ADP was measured and represented as fold stimulation over the basal rate. (**C**) Effect of DnaJC19:Magmas mutant subcomplex: Human Mortalin:ATP(α-^32^P) complex was incubated with 2-fold excess of DnaJC19 alone, Magmas mutants alone (negative control; c) or DnaJC19:Magmas mutant subcomplexes as indicated. Magmas alone and Magmas:DnaJC19 subcomplex were used as a positive controls (c+); as mentioned in B. The assay was carried out and represented as described above. The assays were carried out in duplicates and the standard deviation was represented as standard error bars.](ddq00209){#DDQ002F9}

To confirm whether Magmas regulates the human import motor activity in a similar mechanism, we have purified human Hsp70 (Mortalin) and human Pam18 ortholog DnaJC19 and subjected to ATPase stimulation analysis under single turnover conditions. By pre-incubating different molar ratios of Magmas:DnaJC19 complex and DnaJC19 alone, we have observed upto 70% reduction in ATPase stimulating activity of human Mortalin by Magmas:DnaJC19 complex (Fig. [9](#DDQ002F9){ref-type="fig"}B). To further support the CoIP analysis, all Magmas mutants were found defective in inhibiting DnaJC19 ATPase stimulation (Fig. [9](#DDQ002F9){ref-type="fig"}C). A total recapitulation of results obtained from yeast and human system thus provide further evidences for the mechanism of regulation of human import motor by Magmas during the translocation process.

DISCUSSION {#s3}
==========

Protein transport is a highly regulated process that depends on the critical functioning of inner mitochondrial 'import motor' components ([@DDQ002C8],[@DDQ002C9]). The proteins related to the yeast import motor are conserved in mammalian mitochondria including humans ([@DDQ002C46]). Depending upon the metabolic state of the cell, the expression of human import motor components is highly regulated, thus controlling the import process. The mechanism of regulation of the import process in humans is largely unknown; however, altered regulation leads to severe mitochondrial disorders including neuromuscular diseases and malignancy ([@DDQ002C47]--[@DDQ002C49]). Mammalian Magmas proteins are ubiquitously expressed; and in humans, it was identified as GM-CSF specific signaling molecule which gets overexpressed in neoplastic prostate ([@DDQ002C41],[@DDQ002C42]). Although it has been assumed that Magmas proteins are predicted homologs of yeast Pam16 ([@DDQ002C16],[@DDQ002C17]), the primary function and mechanism of regulation in mammalian system was still elusive. The data presented here on human Magmas provides first experimental evidences to show that the mammalian Magmas proteins are orthologs of yeast Pam16 having similar functions and are essential part of mammalian import motor. The primary structure of human Magmas is related to yeast Pam16 and share a common domain organization. It consists of predicted N-terminal membrane association domain (TM), middle targeting region (T) and C-terminal J-like domain (J). However, it lacks C-terminal extension region of Pam16 which is functionally dispensable in yeast ([@DDQ002C32]).

Human Magmas is an ortholog of yeast Pam16 in several aspects and performs the similar function. Several biochemical and genetic evidences are presented here to support this idea. First, it shows a complete growth support of yeast cells deleted for essential *PAM16* gene at all conditions. These observations highlight a possible similar essential functional role for Magmas in humans. Second, it localizes into mitochondria when expressed in Δ*pam16* cells as well as in human HeLa and HEK293T cells when expressed as GFP fusion proteins. These observations were further supported by enrichment of the protein levels in purified mitochondria from yeast and human cell lines, respectively. Third, in both yeast and human, Magmas is tightly associated with the inner mitochondrial membrane. Similar to Pam16, Magmas was fractionated into inner membrane pellet fraction and resistant to high salt extraction. However, majority of Magmas was extracted from pellet fraction at alkaline pH, indicating that it is a peripherally associated with inner mitochondrial membrane protein. Fourth, like Pam16, Magmas is associated with mitochondrial TIM23 complex in Δ*pam16* yeast cells as well as in humans. Fifth, Magmas regulates the ATPase stimulation activity of yPam18 as well as DnaJC19 in humans by forming a stable subcomplex through their C-terminal regions, thus regulating Ssc1 and human mtHsp70 (Mortalin) activity during the import process. Sixth, like Pam16, Magmas plays an essential role in import of precursor proteins into the mitochondrial matrix. Previously, it has been shown that downregulation of Pam16 level leads to the accumulation of precursor form of Hsp60 in yeast cells suggesting its essential role in protein import ([@DDQ002C16],[@DDQ002C17]). Similarly, Δ*pam16* yeast cells expressing wt Magmas did not show the accumulation of precursor form of Hsp60 when exposed to non-permissive temperature, indicating that Magmas can complement the import function of Pam16. In addition to that, Magmas also supported a wild-type level of protein import of model preprotein, Cytb2(47)-DHFR into the Δ*pam16* mitochondria.

Our results demonstrate that Magmas protein interacts with yPam18 and DnaJC19 via their J-like and J-domains to form a stable subcomplex. The J-like and J-domain of Magmas and yPam18/DnaJC19, respectively, are competent to form a subcomplex with similar affinities and a stable Magmas:yPam18 and Magmas:DnaJC19 subcomplex was co-immunoprecipitated in yeast and human mitochondrial lysates. Formation of a similar subcomplex between Pam16 and Pam18 was reported earlier in yeast. Hence, our findings clearly broaden the idea of evolutionary conserved existence of such subcomplex from yeast to human systems.

A stable interaction between J-like domain of Magmas and J-domain of yPam18/DnaJC19 is required for *in vivo* function. A single amino acid alteration in helix I and helix III region of the J-like domain of Magmas compromises growth of yeast cells and is associated with an unstable Magmas/yPam18 subcomplex. The mutant proteins also showed a dramatic decrease in affinity for their interaction with yPam18 and human Pam18 ortholog DnaJC19 proteins; envisioning a similar defect in subcomplex formation in human mitochondria. The corresponding *in vivo* and *in organellar* protein translocation defect associated with the Magmas mutants is consistent with the idea that the protein import and growth defects of cells expressing the mutant proteins are caused by instability of the subcomplex.

Our findings support the hypothesis of Magmas playing a critical role in positioning of J-protein, Pam18/DnaJC19 to the translocon and perhaps regulating the import motor activity in mammalian system. In yeast, it was demonstrated that Pam16 plays a crucial role in tethering Pam18 to the translocon possibly by interacting through Tim44 with its N-terminal domain ([@DDQ002C36]). Although the Ts mutants of Pam16 showed a compromised heterodimer subcomplex formation, a significantly reduced interaction of Pam18 at the translocon was observed, but Pam16 association remained unaffected ([@DDQ002C36]). Supporting this data, Magmas Ts mutants also showed a similar reduced co-precipitation of yPam18, but not of Magmas with the translocon when Magmas:yPam18 subcomplex formation was compromised. Owing to compromised heterodimer formation, the Magmas mutants were found to be defective in regulating ATPase activity of human import motor. This is consistent with an important role for Magmas in tethering yPam18/DnaJC19 to the translocon. On the basis of our analysis, we conclude that both Magmas and Pam16 share a common function across species and evolved precisely to alter Pam18\'s level at the translocon by forming subcomplex through their C-terminal regions, thus regulating the mitochondrial activity.

Although we have assigned a primary function for Magmas, understanding the mechanisms of regulation of Magmas as well as DnaJC19 is of utmost importance for the mitochondrial physiology. There are numerous connections between altered Magmas levels and DnaJC19\'s function with mitochondrial pathophysiology: (i) Magmas levels is highly upregulated in prostate carcinoma and in response to GM-CSF treatment ([@DDQ002C41],[@DDQ002C42]). (ii) Truncated DnaJC19 (devoid of its J-domain) protein causes a severe genetic disorder called DCM syndrome characterized by respiratory, cardiac and neurological symptoms ([@DDQ002C47]). DCM syndrome is an autosomal recessive disorder prevalent in Canadian and ancestral European population and an IVS3-1G→C mutation was identified upon genotyping the disease haplotypes ([@DDQ002C47]). The mutation causes abnormal splicing that result in the truncation of exon 4 followed by a stop codon. Translation of the Δexon 4 transcript produces a protein having a truncated J-domain ([@DDQ002C47]). On the basis of our studies, we propose the molecular etiology underlying the disorder. As a functional J or J-like domain is essential for the formation of a stable heterodimer, we predict that the truncated protein is defective in forming a functional Magmas:DnaJC19 subcomplex and hence, the interaction of DnaJC19 with human TIM23 complex gets compromised. This leads to the deregulation of import motor activity causing improper protein import thereby, affecting mitochondria biogenesis and cellular respiration. The consequent impairment of energy metabolism in the cell especially in mitochondria-rich cardiac and neuronal tissues results in symptoms such as cardiomyopathy, peripheral neurodegeneration and ataxia. However, the relevance of upregulated Magmas levels other than protein import function is not well established, underlines the importance of future investigation.

MATERIALS AND METHODS {#s4}
=====================

Yeast strains, plasmids construction and genetic analysis {#s4a}
---------------------------------------------------------

*MAGMAS* and *DNAJC19* gene were amplified from cDNA library of HeLa cells (Stratagene). *MAGMAS* was cloned in pRS415 yeast expression vector under *TEF* promoter. Yeast strain deleted for *PAM16* has been previously described ([@DDQ002C31]). The haploid *PAM16ΔHIS*/*pRS415-WTMAGMAS* yeast strain was obtained by transforming *pRS415-WTMAGMAS* construct into the diploid Δ*pam16* cells and subjected to sporulation in potassium acetate plates for 5 days followed by tetrad dissection analysis. The viable spores were grown at 30°C in yeast extract peptone dextrose (YPD) media for 2 days and replica plated on drop-out media (His^+^, Leu^+^) for selection. In a similar way, the haploid *PAM16ΔHIS/pRS316-WTPAM16* yeast strain was generated and selected on (His^+^, Ura^+^) drop-out media.

To obtain temperature sensitive (Ts) mutants, a series of point mutations in *pRS415-MAGMAS* were created through site-directed mutagenesis using the QuikChange protocol (Stratagene). Δ*pam16* carrying *pRS316-WTPAM16* was transformed with *pRS415-MAGMAS* mutants and incubated at 30°C on leucine omission plates. Transformants were streaked onto 5-FOA plates (US Biologicals) to select for candidates that could grow at permissible temperatures but not at non-permissible temperatures. The Ts mutants were rescued on rich media and subjected to drop test analysis on YPD, leucine omission plates and YPG to confirm the growth phenotypes. All *in vivo* experiments were carried out in the W303 genetic background in derivatives of PJ53 (Genotype: *trp1-1/trp1-1 ura3-1/ura3-1 leu2-3,112/leu2-3/112 his3-11,15/his3-11,15 ade2-1/ade2-1 can1-100/can1-100 GAL2*^*+*^*/GAL2*^*+*^ *met2-Δ1/met2-Δ1 lys2-Δ2/lys2-Δ2*).

GST-fusion full-length, J + T and J-domain constructs of *MAGMAS* were generated by introducing the *Eco*RI--*Xho*I site at the C-terminal end of GST in pGEX-KG vector ([@DDQ002C50]). Hexahistidine-tagged full-length, J + T and J-domain constructs of *MAGMAS* and *DNAJC19* were generated by cloning them into pET3a and pET21d vector (Novagen), respectively.

Cell culture and *in vivo* imaging {#s4b}
----------------------------------

HeLa and HEK293T cells were cultured in Dulbecco\'s modified Eagle\'s medium (Invitrogen) containing 10% fetal bovine serum (Gibco) and 1% penicillin--streptomycin (Sigma). The cells were incubated at 37°C in 5% CO~2~. The adherent cultures of HEK293T cells were grown to ∼90% confluency. The cells were trypsinized and centrifuged at 600*g* for 5 min. The cell pellet was washed with ice-cold PBS and subjected to mitochondria isolation. For *in vivo* imaging analysis, the gene encoding Magmas was cloned at the 5′-terminus of GFP in mammalian plasmid expression vector pEGFP-N3 (Clontech). One microgram of transgene was transfected into HeLa and HEK293T cell lines using Lipofectamine 2000 (Invitrogen) as described ([@DDQ002C51]). The cells were cultured overnight and were stained with 100 ng/ml of MitoTracker Red 580 (Invitrogen) in complete medium at 37°C in a CO~2~ incubator for 45 min. Cells were washed twice with PBS before analysis without fixation. Images were acquired using Zeiss LSM 510 Meta and 63× NA 1.4 objective lens. The images were processed using LSM software.

Fractionation of mitochondria {#s4c}
-----------------------------

Yeast or human mitochondria, corresponding to 0.5 mg/ml of total mitochondrial protein was subjected to fractionation by hypotonic swelling in sonication buffer \[30 m[m]{.smallcaps} HEPES--KOH pH 7.6, 150 m[m]{.smallcaps} KCl, 10 m[m]{.smallcaps} magnesium acetate and 1 m[m]{.smallcaps} phenylmethyl sulfonyl fluoride (PMSF)\] for 10 min followed by sonication (three times, 15 s) at 30% duty per cycle. For fractionation experiments in high salt conditions, 500 m[m]{.smallcaps} NaCl was included in the sonication buffer. Extraction of peripheral membrane proteins was performed by incubating the mitochondria in 0.1 [m]{.smallcaps} Na~2~CO~3~ pH 11.5 for 20 min. The samples were then separated into membrane and soluble fractions by ultracentrifugation at 100 000 g (TLA 120.2 rotor) for 1 h at 4°C in Optima™ TLX table-top ultracentrifuge (Beckman-Coulter). The supernatant fraction was precipitated using 12.5% trichloroacetic acid and was subsequently washed in ice-cold acetone. Fractionated samples were separated on SDS--PAGE and subjected to immunoblot analysis using polyclonal antibodies specific for Magmas, yPam18, yTim23, yTim44, yTim50 and yMge1. In the case of mitochondria isolated from HEK293T cells, the mitochondrial fractions were analyzed using polyclonal antibodies specific to Magmas, DnaJC19, hTim17 and hTid1 and monoclonal antibodies specific for hTim23 and hTim44.

Mitochondrial CoIP analysis {#s4d}
---------------------------

The interaction between Magmas and yPam18 or DnaJC19 was analyzed under conditions where they are separated from the translocon in both yeast and human mitochondrial lysates. Lysates from 2 mg of wild-type or mutant yeast mitochondria were prepared in lysis buffer (20 m[m]{.smallcaps} MOPS--KOH, pH 7.4, 250 m[m]{.smallcaps} sucrose, 80 m[m]{.smallcaps} KCl, 5 m[m]{.smallcaps} EDTA and 1 m[m]{.smallcaps} PMSF) in the presence of 1% Triton X-100 (US Biochemicals) on ice for 30 min by gentle vortexing. Lysates were centrifuged for 15 min at 16 000*g* at 4°C. Twenty microliter (bed volume) of saturated Pam18 cross-linked antibody beads were incubated with the supernatants for 1 h at 4°C. The beads were washed four times with mitochondrial lysis buffer containing 1% Triton X-100. Samples were separated by SDS--PAGE, followed by immunoblot analysis using antibodies against Magmas and yPam18. In the case of HEK293T mitochondrial lysates, soluble supernatants were incubated with 20 µl Magmas- or DnaJC19-specific antibody and subjected to CoIP analysis as described earlier. The samples were resolved in SDS--PAGE and subjected to western analysis. The blot was probed with DnaJC19- and Magmas-specific antibodies separately and sequentially, followed by secondary antibody decoration.

For analysis of the interaction of Magmas with the yeast or human translocon, 2 mg of wild-type or mutant mitochondria were gently lysed and solubilized in 1 ml of lysis buffer (25 m[m]{.smallcaps} Tris, pH 7.5, 10% glycerol, 80 m[m]{.smallcaps} KCl, 5 m[m]{.smallcaps} EDTA and 1 m[m]{.smallcaps} PMSF) in the presence of 1% digitonin (Calbiochem) at 4°C for 50 min using nutator. Lysates were centrifuged for 30 min at 16 000*g* for 30 min at 4°C; 15 µl (bed volume) of saturated cross-linked Tim23 (for yeast) and Tim17 (for human) antibody beads were incubated with supernatants of the lysates for 2 h at 4°C. The beads were washed four times with the corresponding mitochondrial lysis buffer containing 0.1% digitonin. Samples were resolved on SDS--PAGE, followed by immunoblot analysis using antibodies against yPam16, Magmas, yPam18, yTim17, yTim50 and yTim23. In the case of human mitochondrial CoIP, the immunoblotting was done against human-specific antibodies such as Magmas, DnaJC19, hTim23, hTim44 and hTim17.

Protein purification {#s4e}
--------------------

For purification of J + T and J-domains Magmas, a six histidine tag was introduced at the N-terminus of the respective constructs. Overexpression was carried out in *Escherichia coli* (C41) ([@DDQ002C52]) by allowing growth at 24°C to an *A*~600~ of 0.5, followed by induction using 0.5 m[m]{.smallcaps} IPTG for 5 h. Protein was purified by standard affinity chromatography using Ni-NTA agarose (GE Healthcare). One liter cell pellet was resuspended in 10 ml of buffer A (20 m[m]{.smallcaps} HEPES pH 6.8, 40 m[m]{.smallcaps} imidazole, 0.5 [m]{.smallcaps} NaCl and 5% glycerol) containing 0.2 mg/ml lysozyme and protease inhibitor cocktail followed by incubation at 4°C for 1 h. The sample was gently lysed with 0.2% DOC followed by DNase I (10 µg/ml, 10 m[m]{.smallcaps} MgCl~2~) treatment for 15 min at 4°C. The cell lysate was clarified by centrifuging at 28 000*g* for 30 min at 4°C. The soluble supernatant was incubated with 500 µl bed volume of Ni-NTA agarose for 2 h at 4°C. Unbound proteins were removed by washing three times with 15 ml of buffer A. The resin was washed with 15 ml of buffer B (20 m[m]{.smallcaps} HEPES pH 6.8, 80 m[m]{.smallcaps} imidazole, 1 [m]{.smallcaps} NaCl and 5% glycerol) at 4°C. To remove bacterial DnaK contamination, the resin was washed with 15 ml of buffer C (20 m[m]{.smallcaps} HEPES pH 6.8, 80 m[m]{.smallcaps} imidazole, 0.5 [m]{.smallcaps} NaCl, 0.1 m[m]{.smallcaps} ATP, 10 m[m]{.smallcaps} MgCl~2~ and 5% glycerol) at 4°C. Bound proteins were eluted with buffer D (20 m[m]{.smallcaps} HEPES pH 6.8, 250 m[m]{.smallcaps} imidazole, 250 m[m]{.smallcaps} NaCl and 5% glycerol) and dialyzed against buffer appropriate for use in particular experiments.

Full-length yPam18, DnaJC19~J+T~ and DnaJC19~J~ proteins were purified from insoluble fraction. The pellet fraction was solubilized by incubating with 10 ml of buffer E (buffer A + 1% Triton X-100, 500 m[m]{.smallcaps} KCl and 3 [m]{.smallcaps} urea) for 2 h at 4°C. The soluble fraction was further clarified by centrifuging at 28 000*g* for 45 min at 4°C. The supernatant was incubated with Ni-NTA agarose beads for 2 h at 4°C. The protein bound beads were washed two times with 15 ml buffer E, followed by 15 ml of buffer F (buffer A + 0.5% Triton X-100, 250 m[m]{.smallcaps} KCl and 2 [m]{.smallcaps} urea) at 4°C. The resin was further washed with 15 ml of buffer G (buffer A + 0.5% Triton X-100, 250 m[m]{.smallcaps} KCl and 1 [m]{.smallcaps} urea) and two times with buffer H (buffer A + 0.5% Triton X-100 and 250 m[m]{.smallcaps} KCl). The bound proteins were eluted with buffer I (buffer A + 0.5% Triton X-100, 150 m[m]{.smallcaps} KCl and 300 m[m]{.smallcaps} imidazole) and dialyzed against buffer appropriate for use in defined experiments.

A hexahistidine tag was introduced at the N-termini of wild-type yeast Pam18, Pam18~J+T~, Pam18~J~ and C-terminus of the wild-type Pam16 proteins for purification from *E. coli*. The protein purification is done essentially according to the procedure as described ([@DDQ002C31],[@DDQ002C36]). The full-length GST-Magmas, GST-Magmas~J+T~, GST-Magmas~J~ and mutant proteins were purified according to the published protocols with minor modifications ([@DDQ002C50]). The buffer components have been changed to 20 m[m]{.smallcaps} Tris, pH 7.5 instead of phosphate buffer in GST-fusion protein purification protocols. The Ssc1~His~ ([@DDQ002C24]) and human Mortalin ([@DDQ002C53]) were purified from yeast as described.

*In vitro* GST pull-down analysis {#s4f}
---------------------------------

Equimolar concentration of purified full-length GST-Magmas, GST-Magmas~J+T~ and GST-Magmas~J~ were incubated with 10 µl bed volume of glutathione-agarose beads (GE Healthcare) in 150 µl GST-buffer (50 m[m]{.smallcaps} Tris pH 7.5, 150 m[m]{.smallcaps} NaCl, 2 m[m]{.smallcaps} EDTA, 0.2% Triton X-100 and 1 m[m]{.smallcaps} PMSF). Unbound proteins were removed by washing the beads two times with GST buffer. The samples were blocked with 0.1% BSA for 20 min at 23°C followed by washing two times with GST-buffer. The beads were resuspended in 200 µl GST binding buffer and incubated with equimolar or increasing concentration of either full-length, J + T, J-domains of yPam18 or DnaJC19 for half an hour at 23°C. The GST beads were washed three times with GST-buffer and resolved on SDS--PAGE followed by Coomassie dye staining. A similar protocol has been employed for the GST pull-down analysis of purified GST-Magmas~L94Q,~ GST-Magmas~F92G~ and GST-Magmas~F92Y93G~ mutants by incubating with equimolar or increasing concentrations of yPam18~J+T~ and DnaJC19~J+T~ proteins.

Miscellaneous {#s4g}
-------------

Yeast mitochondria were purified according to the published protocols ([@DDQ002C25],[@DDQ002C54]) and resuspended to 20 mg protein ml^−1^ concentration in SEM buffer (250 m[m]{.smallcaps} sucrose, 1 m[m]{.smallcaps} EDTA and 10 m[m]{.smallcaps} MOPS--KOH, pH 7.2). The human mitochondria were isolated using Cell Mitochondria Isolation Kit™ (Sigma-Aldrich) as per manufacturer\'s instructions. The mutant mitochondria were pre-incubated at 37°C prior to any kind of analysis. For expression analysis, 50 µg of yeast or 100 µg human mitochondria was subjected to SDS--PAGE, followed by immunodecoration with specific antibodies as indicated in the figures. The affinity purification of antibodies ([@DDQ002C24]) and ATPase assays ([@DDQ002C30]) and *in vitro* import assays ([@DDQ002C55]) were carried out as described. For generation of anti-Magmas, anti-DnaJC19 and anti-hTim17 anti-sera rabbits were injected with cleaved GST fragments of Magmas (30--125 aa), DnaJC19 (34--116 aa) and KLH-conjugated peptide (CPKDGTPAPGYPSYQ) corresponding to the C-terminal region of hTim17, respectively (Imgenex Biotech). Anti-yTim23 and anti-yTim50 antibodies were generated by using N-terminal region of yTim23 (1--98 aa) and C-terminal region of yTim50 (133--476 aa), respectively, as antigens. For the generation of anti-DHFR antibodies, the rabbits were injected with the recombinant protein. Antibodies against yHsp60 ([@DDQ002C30]), yTim44 ([@DDQ002C20]), yMge1 ([@DDQ002C18]), yPam18 ([@DDQ002C31]), yPam16 ([@DDQ002C31]) were gifted by Prof. Elizabeth A. Craig\'s laboratory, University of Wisconsin-Madison. Antibodies specific to human proteins, namely hTim23, hTim44, SOD and cathepsin D were obtained from BD Biosciences. Anti-catalase antibody was obtained from Calbiochem. Immunoblot analysis was carried out by using the ECL system (Amersham Pharmacia) according to the manufacturer\'s instructions. The reagents used for the experiments were obtained from Sigma-Aldrich unless specified.
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